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BACKGROUND OF THE INVENTION 



15 Field of the Invention 



This i nvpntinn r^lfltn? tn nlppfrinnl hnigVi lu t l t U i v^ wlu i \ f . f iii u 'l inii 1 ^ (i) I M l nM ill^ i^ il ^# tf> 

running surface of any given brush in a steady, predetermined position dimng-felative 
tangential motion between the brush and its substrate (i.e., comjiKJnly a slip ring or 
commutator), (ii) to apply a predetermined, nearly cpii^tant mechanical pressure between the 
20 brush running surface and the substrate while the brush may wear, and (iii) to conduct 
electrical current to or firom the>fush. 

The electrical hiti^hes at issue include all conventional "monolithic" brushes (i.e. 
made in one pi^(5e of graphite or graphite-metsd mixtures), as well as metal fiber brushes 
disclos^dTn U.S. Patent Nos. 4,358,699 and 4,415,635, and in the co-pending international 
25 pa^Dtappli cation Serial No r09/M 7,100. AdJitioually, th o y includ e &dLbru§hes ^ desr Tib gd_ 
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iB- dic publication • ^'PiuJucliuii aiid Performance of Metal Foil Brushes," P.B. Han e y^ . 
X A I Kuhlmami-Wilsdorf and H. G. F. Wilsdorf, WEAR, 73 ( 1 98 1 ), pp. 26 1 -2p^^e present 
invention is particularly useful for electrical metal fiber brushes ip-fnotors and generators 
V when operating at high current densities, especially in h^Hlopolar motors/generators. The 

5 present invention includes the use of various tephfiologies referenced and described in the 
above-noted U.S. Patents and Applicatipr^as well as described in the references identified in 
the appended LIST OF REFER^J<CES and cross-referenced throughout the specification by 
reference to the correspojiding number, in brackets, of the respective references listed in the 
:p LIST OF REFERE^JCES, the entire contents of which, including the related patents and 
LH IO applicatipB^isted above and the references listed in the LIST OF REFERENCES, are 
mca^iofated-hc rein by r efereneer 



Discussion of the Background 

Sliding electrical contacts, i.e., "brushes," conduct electrical current between solids, 
3 1 5 very preponderantly metals, in relative motion. Brushes are in widespread use in various 
types of electric motors and generators and are also widely used in less common but 
numerous special applications, e.g. telemetry devices and rotating antennae. Even while to 
date the traditional "monolithic" (i.e., in the form of a solid piece) graphite-based (i.e., 
including compacted graphite or various metal-graphite mixtures) brushes are 
20 overwhelmingly frequent, they have a nimiber of technological limitations. Specifically, 
monolithic graphite-based brushes cannot be reliably used over extended periods of time at 
current densities above about 30Amp/cm^ nor at sliding speeds above about 25 m/sec. 
Further, as a coarse estimate, they waste about one watt per ampere conducted across the 



brush-substrate interface (i.e. the equivalent of one Voh) in terms of Joule and friction heat 
together. Further, monolithic brushes emit significant intensities of electromagnetic waves 
(i.e., they are electrically very noisy so as to interfere v^th radio and similar signal reception), 
and finally they wear into a powdery debris that can be highly detrimental in electrical 
5 machinery, especially aboard submarines. 

As a result of these shortcomings of traditional monolithic brushes, a number of 
otherwise very attractive technological developments are stymied for lack of electrical 
brushes which will conduct reliably over extended time periods, much higher current 
J densities at low losses vip to much higher speeds. Most importantly impacted are so-called 
J1 10 "homopolar" motors and generators. They have potentially very high power densities and 
ifl would be excellent for Navy as well as commercial ship drives, among others, but typically 
require current densities in excess of one hundred Amperes per cm^ to be conducted across 
i interfaces of metal parts relatively moving at sustained speeds up to 30 m/sec or even more 
^ while producing or requiring EMF's of only 20V or so. The requirements of homopolar 
1 5 machinery in terms of current densities and speeds can thus not be fulfilled by monolithic 
brushes, and in any event a loss of 2 Volts per monolithic brush pair, i.e., in and out, is 
prohibitive for homopolar machines. 
hj 4n"pfeviQus4a ventionD, porticula il y in the P dlci it A p plication - ^'Continuou s^^4^ri;^tter- 

\) Brushes, [11" the capabilities of metal fiber brushes, including miJtitudes^ essentially 
20 parallel hair-fine metal fibers, are outlined. MetgUibgfbm are intrinsically capable of 

easily conducting the desir^d^tSfrent densiti and to do so up to at least 70 m/sec vvdth a total 
loss in theprdgfof ). 1 Volt per brush. At the same time such brushes are electrically very 
lu^^-j ji e s e- sup erioi^^ttaHti^^ fio m I dige nui nb er o of scparat o o l c otric "contact spots, - 
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naxnelyat- tiie fibei ends at tlic brush "working surface" sliding along the bnish-sub s tr^ te 
^ interface, through which the current is physically conducted on a microscopkfscale. 

current is conducted across solid interfaces only through a restrigted^iumber of contact spots, 



whose total area amounts to only fractions of one percpnfof the macroscopic area of contact, 
is a well-known general physical phenomeijjML To a large extent the poor qualities of 
monolithic brushes arise from their-^all number of contact spots, namely in the order often 
per brush. As a resuh, th^^rrent flow lines in monolithic brushes are not rather uniformly 
distributed, as they^e in metal fiber brushes, but they are "constricted" [2] at the few contact 
spots. This^emises the corresponding "constriction resistance" that represents in the order of 
10 one tinra the resistance of monolithic brushes. This constriction resistance is eliminated in 
ib cr bru s hoo on ac c ount of th e i r-l orge number of contact spots . 
The superiority of metal fiber brushes does not only derive from their thousands of 
evenly distributed contact spots, but also because at their contact spots, bare metal meets bare 
metal, ideally separated only by a double monomolecular layer of adsorbed water. 
15 Fortuitously, this most favorable type of lubrication, which prevents cold- welding and 

accommodates the relative motion between bmsh and substrate at a "film resistivity" of only 
ap = IxlO'^^Qm^ and average firiction coefficient of about 0.3, establishes itself 
automatically at any modest ambient humidity, provided that the area of any one brush is not 
too large and there are gaps between the brushes so as to permit access of the moisture to the 
20 substrate and that undue contamination v^th oils, etc., is avoided. By contrast, monolithic 
bmshes deposit a lubricating graphitic layer through which the current must flow at much 
higher electrical film resistivity and which typically is also overlaid by the already indicated 
film of adsorbed moisture [3]. Further, the body resistance of graphitic brushes can be 
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significant while it is always negligible for metal fiber brushes. Finally, monolithic brushes 
are hard and "bounce." At increasing speeds, the "brush bounce" must be coimteracted by an 
increasingly strong pressure between brush and substrate at the correspondingly increased 
friction power loss. This syndrome limits the sliding speed of monolithic brushes to about 25 
5 m/sec, as already indicated, whereas metal fiber brushes are intrinsically flexible (i.e., have a 
much larger "mechanical compliance"). Therefore, metal fiber brushes can and should be 
mechanically lightly loaded and can be operated to high speeds with minor friction heat loss. 
Metal foil brushes closely resemble metal fiber brushes except they are composed not 
i kr- of substantially parallel fibers but of thin parallel foils. Consequently, metal foil brushes 
in 10 typically have many fewer, but otherwise the same kind of, contact spots. Thus, metal foil 
iB; brushes are very similar to metal fiber brushes but cannot match their attainable current 
'tt densities, sliding speeds and low power losses. At any rate, foil brushes are based on the 
S same principle as metal fiber brushes, namely, electrical contact to the substrate at a large 
number of microscopically small, bare metal-metal contact spots, optimally lubricated by a 
1 5 double monomolecular layer of adsorbed water. Hence, in terms of the number of contact 
spots per unit working surface area (i.e., "contact spot density"), and mechanical load per 
contact spot, the same theory applies to metal foil as to metal fiber brushes. 
' ^ A s stres s ed, on account of their different g o om oU y, foil b rashes inclu de a su bst 

y L • smaller density of contact spots than well-constructed metal fiber bmghesr'ByTiumerical 



20 example, the working surface of a typical metal.iiber'Brush constructed of d = 50^m copper 
wires of about f =15% pad^jag-fiFaction contains roughly 10,000 contact spots per cm^, 
namely, ope-^feach of the individually flexible fiber ends. In a foil brush with d^ = 25|j.m 
rar all o l foils and f - 50% p ackin g - fr a ction, there are about 600 contact spots per em -. 
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^ vcfy^upcrior to monolithic bru shes^ it fa ll short of - m et^-fibc i brushes. ■ 

In typical use, both types of brushes are expected to wear by similar length changes in 
5 the course of their life times, e.g. several miUimeters (1/4") or up to an inch, during which 
time the mechanical brush force should be kept roughly constant. The major differences 
between monolithic and metal fiber brushes include: 
^ • 4QmepmeG hanical pr e ssure, namely several poiuids pcrsquore^^ 

brushes, versus about 1 Newtoivpei^squarexg^^ pound per square inch for fiber 

• higher current densities, i.e., up to 30 Amp/cm^ = 200 Amp/in^ for monolithic brushes and 
up to 300 Amp/cm^ = 2000 Amp/in^ for fiber brushes, 

• at the indicated maximimi tolerated current densities and speeds up to 70 m/sec, total 
losses of below 0.3 V per ampere conducted, including friction and Joule heat, for fiber 

^ 15 brushes and about 1 V/ampere conducted for monolithic brushes. 

Correspondingly, the mechanical stif&iess as well as the electrical resistance of, and hence the 
electrical loss in, the current leads to or from the brushes, are always inconsequential for 
monolithic brushes but become very important for metal fiber brushes when used anywhere 
near their current carrying capability. 
20 As a result, the mechanical force can be applied to monolithic brushes via springs or 

any other desired mechanical means, while the current is led to or from the brushes either 
through the same springs and/or through ordinary flexible electrical cabling connected in 
parallel with the brush force applicator. However, this is not a viable option for demanding 
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fin — applications of metal fibej^brushes because 1) the weaker springs needed for them will 
unavoidably have an electrical resistance comparable to or higher than that of the brushes, 
unless they were to be cooled to cryogenic temperatures and even perhaps be made of a 
superconducting material, and 2) the incidental forces exerted on the brush by flexible cables 
5 with adequately low electrical resistance above cryogenic temperatures v^ll rival or exceed 
the applied spring force. 

The problem to be solved for metal fiber brushes used at high current densities above 
cryogenic temperatiwes is therefore how to apply a controllable light brush pressure and at the 
r^; same time to establish a low resistance electric contact to or from the brushes. A system with 
}i: 10 these characteristics would in fact be applicable to any electrical brush, whether of metal fiber 
p or monolithic type, under any running conditions, but it would be definitely necessary only 
~ ^ for the indicated high-current-density use of metal fib^brushes, 

i SUMMARY OF THE INVENTION 

1 5 Accordingly, one object of the present invention is to solve the above-noted and other 

problems. 

Another object of the present invention is to provide a novel brush holder, which 
operates via hydrostatic pressure of a compressed material, such as a compressed gas and/or 
liquid metal. 

20 Yet another object of the present invention is to provide a novel brush holder, which 

eliminates or reduces "brush brounce." 
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, r S t ill Qiiothcr object of tlio prcocnt invciitiuii is to provide u novel brus trlrolder, wA 

^ provides a lighftoStant ^Isure to a fibenbS^ sliding against a substrate fopejfteided 
rp^ periods of time. 

^ Another object of the present invention is to provjd^a novel brush holder which has 

5^ low electrical resistance to improve the currenj^d^sities generated by the fiber^rush sliding 

against the substrate. 

To achieve this and other^jects, the present invention provides a novel electrical 
brush holder for applying^echanical force to an electrical brush and for establishing 
% electrical contact bet^en the electrical brush and a current conducting element. The brush 

10 ^ holder include?^ first pl^ fastened to the current conducting element, a second plate ■ 
% fastened tc/the brush, and a sidewall lengthwise extendable in an axis direction of the brush. 
'T ^ The sidfewall cooperates with the first and second-^l^^to form a volume defined by the first 
^.IpS^the second plS&and the sidewall. A fluidic medium is contained in the volume for 
yiTi£ p lighyxm rfatt t - pr c fi s ur e to the -brush.-^ 



BRIEF DESCRIPTION QF THF, DRAWINGS 
A more complete appreciation of the invention and many of the attendant advantages 
thereof will be readily obtained as the same becomes better understood by reference to the 
following detailed description when considered in connection with the accompanying 

20 drawings, wherein: 

Figure 1 A shows a brush holder disclosed in co-pending international application 

Serial No. 09/147,100; 
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■F igure s to 2G ore poheinaLic ciObS-seclimidl viowc of the brush hol der acG g gdg 
the present invention_wiJhJ»e-brustr(H and two brushes (Figure 2B) attached to one 

& e platG r and wit - h two b fush e s- attachod to two bas e platoo (Figure 2C); 

Figures 3 A and 3B are perspective views of Figure 2A in which a pressurized material 
includes both a liquid metal and a compressed gas; 

Figure 3C is a cross-sectional view of the brush holder in Figs. 3A and 3B, but with a 
different configuration for the compressed gas and an outer wall strengthened by spiral 
tubing; 

Figure 3D is a cross-sectional view of the brush holder of Figure 3B including a 
flexible connection to a pressurized gas reservoir to maintain a gas pressure; 

Figures 4A and 4B are cross-sectional views of the brush holder in Figs. 3B and 3D, 
but include a telescoping outer wall showing a ^oition at the start position of a brush 
operation (Figure 4A) and after significant brush wear (Figure 4B); 

Figure 5 is a perspective view of a brush holder in Figs. 3 A to 3D, but includes a set 
of rods for restraining the flexible side wall firom lateral motions; 

■ Figure s-^ and 6B aie liu'ss * sootional views of biusli li u ldcra including^cd g c - shcy ed^ 
^ -t<» p - Qnd b oUo ui places Lu faLilitatc ori e nting the bru s h relative to the substrates 

Figures 7A to 7C are perspective views of liquid metal cables made of flexible and 
extendable tubing filled with liquid metal and fitted with different electrical connectors; 

F igm - cs 8 A to 8C a rc cross-scetion a i views of different brush holders in which the ^ 
ni rrnnt iV nnnH nr tf^H thrnng h l iqiiiH metal cahler > and the brush force is s upplied b v 
mochanical s prings; and > 
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^ r) ^.eefldticted Hluuugli a liiglily flLxiblc cable of metal fibers and the bru s h force is supplied b y- 
compre ssed-gas: ' 



Figurcs ^A Lu 9B aie cioss-seclioiial views of biush liuld ci ^ iu which the ou rreirris- 




DFSCRIPTION OF THE PREFERRED EMBODIMENTS 

a) Relationships Between Electrical Resistance and Mechanical Stiffness for Combination 
Springs/Current Supplies or Cables 




i 10 Metal Springs for Simultaneous Brush Loading and Current Connection 

-In^^ajt uro high performance appl i cations of metal fibu blu shes, it is envisaged tf; 
currents of up to 2000 Amperes will be conducted through brushes of up to 1 squ^ inch of 
working surface (e.g., a brush foot print on a slip ring), while the bru^j^i^ressed against the 
(y substrate (i.e., in this case a slip ring,^with a brush pressure in Ap-fange of 1 Newton per square 
-3 15 centimeter (i.e., roughly one pound per square inch)^/7lie brush pressure is mtended to be 
maintained within a factor of two or three, ev^n^hile the ^rush-slides at a high speed, up to 
more than 100 mph, and in course of tinte^may shorten in length through wear by up to about 
one inch. Further, uncontrolled lateral motions of the brush other than its intended sUding, and 
in particular rotations of^ brush axis during use are detrimental to brush wear. Therefore, 
20 such motions mus]t^e constrained within narrow limits. Finally, and most importantly, for 
high-performmce applications, the sum of the friction loss and joule heat of the brush and its 



^ holder/dnd current leads together, should not ter-exceed 0.25 watt per ampere conducted, i.e 

A 



r4t--44^^^d^ m at^^iipg^w u 3 iti n rnn he ?ir hieve d w ife- nictal fibe r brushes, but no t^wiJJi- 
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/ currei^y-avattaWrBrusir holders, ai leaslniot at "normal" (i.e., well above cr}^ogenic orsi^ 
conducting) temperatures as prevail in almost all machineiy^^jniisjs^^ cables of 
sufficient cross section to conduct the Mghciurents-at-tiirrequired low losses are so stiff they 
significantly if not disagtreuSlyTnterfere with the required uniform small brush forces that must 
bajaai^ ainod over long pcriodc of time p>f pn-^i ilc d ie bmshes sho r ten du u ugh w u- a r: 

The reverse, namely, the use of metal springs for both current leads and brush force 
applicators, also fails on account of electrical resistances that at best compare to, and at worst 
greatly exceed, the electrical brush resistance. This can be seen from the following example of 
a current connection/brush spring loading in the form of either a cantilever or spiral spring. This 
ifj 10 is an intrinsically very favorable metiiod, but, independent of the problem of electrical 
^-5 resistance, must be combined with some mechanical constraint to prevent significant 
uncontrolled brush movements. 

Spooifically, the - spiiiig fuict, of a unifomi cantilc vtii' uf widdi w, leiigdi L 
thickness t, made of a material with Young's modulus E, and the elastic deflectiprT^ of its 
==-^^15 ff^free end is 

Fl = (Ewt'ML^) Al ^ (!)• 

The same equation, except with die factor Va being rejJlaced by 4, holds for die deflection of 
the center of a doubly supported flat spring^^Ji^wever, since such springs involve two sliding 
contacts to the current supply, an^-^ce diese will have an unknown, erratic resistance 
20 besides being prone to sti^k^sUp, doubly supported flat springs are uiUikely candidates for 
actual current lea^s^ding devices for electrical brushes. Lastly, for a spiral spring of Nh 
turns of diafneter D, made of wire v^th diameter d, it is, widi the shear modulus G » 0.4E, 



(2). 
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Next, the electrical resistance for current conduction through a cantilever spring is 
given by 

Rl = p L/wt (3) 
with p the electrical resistivity, and that through a helical spring of turns by 
5 Rh = p4Nh D/d' (4). 

Thus, the force (Fl) and resistance (RJ of a cantilever spring may be written as: 

F, = (EwAl/4)(p/wR,)' (5) 

and 

j| Rl= p {EAlMFw^}*^' (6) 

i_n 1 0 while for the helical spring: 

R„ = p {SNh'EAI: /Fd'}^'' = p {3.2Nh'EA± /Fd^y^' (7). 
^ Table I lists the approximate values for E (= 2.5G with G the shear modulus) and p, 

E; together with the resulting electrical resistances for a cantilever (R^) and a helical spring (R^) 

LI' 

^ that would at the same time conduct the current to or from a brush and act as a spring to apply 

-^15 a desired brush force of F =1N = 1/4 lbs (characteristic for a Ixlcm^ cross-section fiber brush 

c 

^[7]). Herein the assumed dimensions are the best that were found for die practical case, 

namely w = 1cm (to permit fitting the cantilever spring to the brush), Icm (to permit 

A 

5mm brush wear while the brush force decreases by 50%), d = 0.1cm for both the cantilever 
thickness and helical spring wire diameter, and Nh = 3 turns of the spiral spring. Included 
20 among the candidate spring materials in Table I is TiNi, a widely used shape-memory alloy 
that might be considered for this application on accovmt of its effective very low elastic 
modulus (E) near maximum recoverable strain. The assumed E value in Table I for the TiNi 
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is at a tensile strain of = 4% near the end of the plateau of its reported tensile stress curve, 
namely 160 MPa, and its p -value is that given by a manufacturer. 

As seen, the resistances for a cantilever (RJ and helical spring (Rh) are both too high 
relative to the optimal fiber brush resistance of =300|aQ. Thus in high-performance metal 
fibe^brush applications, springs cannot simultaneously conduct all of the current and provide 
the brush force. Unfortunately, ordinary cables act like springs with similarly unfavorable 
combinations of spring force to electrical resistance, as discussed hereinafter. 

TABLE I 



Material 


E [N/cm'] 


p [jaQ cm] 


Rl ] 


R„ [^Q ] 


Cu 


1.2x10' 


1.6 


230 


5,200 


AgCu alloy 


1.2x10' 


2 


290 


6,500 


stainless steel 


2x10' 


70 


12,000 


270,000 


TiNi (shape memory) 


4x10= 


70 


3,200 


73,000 



The Rh and Rl data in Table I are to be compared v^ith the electrical fiber brush 
resistance, Rg. According to theory [7, eq. 20.27], well supported by experimental evidence, it 
is for a Icm^ brush area, 

RB = 34[nQcmW''' [8] 
where f is the packing fraction and P is the local pressure at the contact spots in units of the 
impression hardness of the softer side. With p typically between 1/3 and 1/2 and f optimally 
equal to 0.2, Rg ^ 300 Correspondingly, the resistances of all loading springs in the table at 
best compare to, or else are much larger than, the brush resistance, and hence are unsuitable for 
high-performance applications. 
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In Table I, the spring geometries are near optimum, with the cantilever spring very 
superior to the helical spring, and also to any doubly supported flat spring on account of the 
already mentioned additional contact resistances. Among the materials choices, the best are 
copper and copper-silver alloy, while the shape memory alloy suffers from the fundamental 
5 disadvantage of a high resistivity, and it would still be unsuitable even at drastically lowered 
resistivity. Moreover, the spring designs are limited by the maximum allowable elastic strain 
before permanent deformation or fracture. Thus, whenever the relatively high Joule heat 
evolution is acceptable, one will from case to case have to devise suitable spring 
3 constructions to not exceed the strength of the spring material. In this instance, copper-silver 
-10 alloys have a considerable advantage. Such alloys have been developed for a combination of 
B maximum strength and electrical conductivity for use in the windings of large 

electromagnets. Considering the very substantial research effort that has been expended in 
^- /V tl^eii* development, it is imlikely still superior fiber brush spring materials exist. 
^ ^ In summary, for truly high-performance metal fibe^ brush tasks, metal springs will not 

□ 15 be satisfactory at ambient temperatures in a dual role of current lead and force applicator. 

Matters are quite different, however, at cryogenic temperatures at which metal resistivities are 
drastically lowered, or may even vanish in the superconducting state. At those temperatures, 
springs in a dual role of current leads and load applicators could be highly successful. Albeit, 
at any temperature or any level of Joule heat evolution, springs for brush applicators cannot 
20 be used alone since they will permit too large uncontrolled lateral brush movements. These 
must be independently constrained, e.g., most simply by rigid tubing to guide a brush in its 
axial direction as it wears. 
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Unintended Forces Due to Electrical Cables for Brush Current Connections 

The above considerations imply that at least at ambient temperatures and above, metal 
cabling w^ill exert uncontrolled forces on brushes, independent of the means of brush force 
application, that will be unacceptably high for high-performance conditions such as in 
5 planned future homopolar motors. This problem may be assessed by modeling the mechanical 
stiffness of a single w^ire or fiber in a cable as a cantilever. Accordingly, adapting eq.l for the 
spring force, Fl , of a uniform cantilever of solid cross section of Al = wxt, made of a material 

hi 

^ with Young's modulus E, as a function of the deflection ^ of its free end, to a cylindrical 
v^re of diameter d = t = w, i.e cross section Ag = d^, one obtains for the single strand in a 
10 cable: 

Al 

^ Fs-(EAsdV4L^)^^ (9). 

Hence, disregarding friction among the strands, for a cable of Nc strands, and thus material 
cross-sectional area Ac = Nc Ag , the spring force at deflection Al is at a minimimi (i.e. 



disregarding friction among the strands in the cable which is liable to be significant), 
while the cable's electrical resistance from end to end is 



15 Fc = NcFs = (EAcdV4L') A4 (10) 



Rc = pL/Ncd'= pL/Ac (11). 

As a numerical example consider the same Icm^ metal fiber brush with an 
approximate Rq = 300|aQ resistance. For the commonly used copper cables with p = 1.6 
20 laQcm and cable length L = 3cm (for a hypothetical initial brush length of 1 .5cm), the desired 
relatively negligible cable resistance of Rc = SOjxQ requires, according to eq.l 1, Ac = Ncd^ = 
0.1 cm^ . If, again, travel of = 0.5cm in the course of brush wear is desired, eq.lO, with 
E =1.2xlO'N/cm^, yields for the cable force 
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Fc = 5600 X [N] (12) 
with, d measured in cm. With the typical fiber diameter of d = 0.015cm in ordinary flexible 
electrical cable, the force due to the cable would thus be Fc =1.2 N and, hence, unacceptably 
large. 

h) Electric Cables Composed of Ultra-Fine Metal Fibers 

In line with the above considerations, cabling to lead electrical current to or from 
electrical brushes with minimal electrical resistance at minimal mechanical forces is possible 
by the use of ultra-fine fibers. This is demonstrated in the following TABLE II for the same 
ijf 1 0 cable of Ac = 0. Icm^ materials cross-section and Nc approximate number of strands, 
■ S examined above, for the cases of fiber diameters d below 1 0 1 ^im, 5 1 |iim, 4 1 jam, 2 1 |im, 1 1 |am 

and down to 2|am, The latter is the smallest likely fiber diameter because it can still be 
:E: somewhat inexpensively obtained through etching from commercial multi-filamentary cables, 

and will not exhibit significantly increased resistivity on account of short free conduction 
15 electron paths. Thus, TABLE II indicates the approximate number of strands (Nc) ^ copper 
cable of Ac = 0.1 cm2 solid cross sectional area composed of Nc individual strands of diameter d, 
and the approximate minimum force Fq (i.e. minus the force due to friction among the strands in the 
^ cable) exerted between the two ends of that cable if they were displaced by A* = 0.5cm relative to 
each other. The cable resistance would be Rc = 50|J,Q. 
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TABLE II 



J 

a 


XT 

Nc 


Fc [N] 


100|am 


1 AAA 

1000 


0.56 


50^m 


4000 


0.14 


40^m 


6200 


0.09 


20}im 


25,000 


0.022 


lOum 


100,000 


0.0056 


2]xm 


2.5x10' 


0.00022 



Ihe data in Tablo II indicatos that at suffioicntly fine fiber diameters, L lcuUiccil cablg y 
of standard types of construction can be made flexible enough for leading currgnt-TO and from 
metal fiber brushes at ambient temperatures even under the mosj^dmianding circumstances. 
However, in order to keep the fi-iction forces amongjl^rmdividual strands low, the packing 
fraction of the solid material in the cablessh(5uld be small, e.g. 1/3'"*, so the contemplated Ac 
= 0.1 cm^ cables would havg^-a'macroscopic diameter of about 0.3cm^, i.e. about 5mm 
diameter. This vrairitfseem still feasible for cabling to a Icm^ brush but will approach the 
practica^iimit. A further advantage of such cabling will be the opportunity to fit electrical 
^^nnectofs-to-its'iend g, or to - branch or even fit it with cfecLiical uulleLs. - 

In summary, electrical cables meeting the highest demands of metal fiber brushes can 
be made of fibers of less than Slfxm diameter, with diameters below 41|im and ll|im 
increasingly satisfactory, and d = 2|am presumably a practical lower limit. Such cables can be 
used to supplement current conduction to and from brushes by other means, e.g. via loading 
springs as discussed in the above section, or provide the sole current path in case, for 
example, a compressed gas is employed to provide the mechanical brush force. 
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c) Electric Cables Filled with Liquid Metal 

electrical resistance and transmitting low mechanical forces can also be constructed^fliquid 
metal confined in flexible tubing (e.g. such as connecting shower heads to a w^r supply), or 
perhaps more simply in flexible plastic tubing. Such cabling will hayp^e same advantage 
as solid metal cabling constructed of ultra-fine fiber, namely th^Ht can be readily branched or 
fitted with connectors and current outlets. Albeit, for thc/^ame electrical resistance per length 
of cable, the conducting material cross-section mu^e proportional to the ratio of the 
resistivities concerned, i.e., for a liquid meta>with a ten times larger electrical resistivity 
(which is a reasonable or perhaps cons^ative estimate), the cross-section of the conducting 
area must be ten times larger than/toT the solid metal. Accordingly, since in the order of only 
1/3'"* of the solid metal cabliFfg will typically be occupied by the fibers, the actual cross- 
section of the liquid mpml cable exclusive of its tubing would be 10/3 that of the solid cable, 
and the cable raduis (10/3)*^ = 1.8 times larger than for the solid cable. Accordingly, liquid 
metal cablingwill typically be fairly massive in size. Such liquid metal cabling can be even 
more e2tsily fitted with electrical connectors and can be made to branch or to be fitted with 
electri cal - "plugs - than solid c abling made o f ultra fine fibers ^ 



d) Brush Holders Activated bv Hydrostatic Fluid Pressure 

Every brush holder/brush loading device, whether for monolithic carbon-based or for 
metal fibep^brushes, must fiilfill three independent fiinctions: 

1 . It must guide the brush along its axial direction as it wears and prevent vibrations 
that would seriously degrade brush wear life. 



18 




3. It must feed the brush currents to or from the brush without interfering with brush 



5 loading. 

The first function is basically the same for conventional as well as for metal fiber 
brushes and can be fulfilled by any low-friction guiding device (e.g. a tubing within which 
the brush is pushed forward). The second function is typically fulfilled by springs of various 
designs, including constant force springs. At any brush current, the only applicable 

10 consideration in back-fitting here is the considerably lower brush force that is required for 
fiber brushes. The third function is conventionally accomplished by means of flexible cables 
(or "pig tails"). Pig tails are always acceptable for monolithic brushes since these are never 
subjected to high current densities (i.e., do not require large solid cross sectional areas for 
connecting cables), and the mechanical brush force required for them is much higher than for 

15 fiber brushes. Pig tails also pose no problem for metal fiber brushes at low to moderate 
current densities, which explains why retrofitting of fiber brushes is generally possible unless 
current densities are high. However, as already discussed, at high brush current densities, 
conventional pig tails, as well as any conventional cables to bypass the loading feature, either 
are too stiff and interfere with the second function or they have a too high electrical resistance 

20 and as a result interfere with the critical advantage of fiber brushes, namely of permitting high 
current densities at low Joule and friction losses. 

In the co-pending International patent application S/N 09/147,100, a brush holder has 
been disclosed in which both current conduction and brush force application occurs through a 
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hydrostatically compressed liquid metal that is fed from a central reservoir which may supply 
two or more similar brush holders (see Figure lA). The present invention concerns brush 
holders in which the brush force is derived from a hydrostatically compressed fluid other than 
a liquid metal connected to a liquid metal reservoir The fluid may comprise a liquid metal 
5 and a gas in pressure-transmitting contact therewith via a flexible membrane between them, 
or a gas alone. In the latter case, the requisite low-resistance current connection between the 
brush and the stator or other current-conducting element is made via a metal cable of uhra- 
fine fibers or via a liquid metal cable or both. The compressed gas together with the liquid 
□ metal may be wholly confined within a cavity in the brush holder, or the gas may be 
; t! 1 0 connected to a pressurized gas reservoir via a flexible tubing. Further, the brush force may be 
m supplemented by a mechanical spring or by the reactive force of a cable used for current 
0{ conduction. 

^3 If the pressurized fluid has no connection to the outside, the pressure and with it the 

JjL brush force will inevitably drop with brush wear. Specifically, consider a simple, closed 
Q:15 cylindrical internal volume 

V = Ah (13) 
of the brush holder (i.e., of cross-sectional area A and momentary height h) relative to a 
standard (not necessarily the initial) height h,,. If the volumes of metal and gas are 

VM=mAh„ and VG = Ah-mAh„ (14) 
20 respectively, then the internal pressure in the holder is 

Pg = Pgo VgoA^g = Pgo (Ah„ -Amh„)/(Ah - Amh„) = Pco [(1 - m)/(h/h„ - m)] (15) 
yielding a brush pressure of 

Pb = Pg A/Ab = Pgo (A/Ab) [(1 - m)/(Wh, - m)] (16). 

20 




JnJabl^JH ; Pb 1^^^ ^ ^ ^ ^ ^ L dl u ulaLcd fui A - Ab; = 0 ^ rm, ^ p [N/rm^] (wh e p gy 
as before, P is the local contact spot pressure in units of the impression hardness op^ softer 
side, i.e. normally the fibers), m = 0.3 and Pco = 3.64 [N/cm^]. In ordej^teiceep the brush 
pressure within reasonable limits, however, p must reno^n^v^^in the limits of 0.7 and 0.25. 
5 TABLE III indicates the dependence of brusj>pfessiire on wear length by the use of a brush 
holder of initial height h of 0.6cp>j5^y filled with liquid metal and partly with gas at the 
indicated pressures. ^^^1 = 0.4 cm, the metal would occupy m=30% of the interior holder 
volume. Ari:6tal wear length of 9mm is possible between p = 0.7 and 0.25. Below p = 0.25 

TABLE III 



h km] 


h/h„ 






Brush 
Pressure 


Wear 
Length \cm] 


0.4 


1.0 


3.64 


1.21 


too high 


before start 


0.45 


1.125 


3.09 


1.03 


too high 


before start 


0.5 


1.25 


2.68 


0.89 


too high 


before start 


0.6 


1.5 


2.12 


0.707 


OK 


start: 0.0 


0.7 


1.75 


1.75 


0.586 


OK 


0.1 


0.8 


2.0 


1.50 


0.50 


OK 


0.2 


0.9 


2.25 


1.31 


0.436 


OK 


0.3 


1.0 


2.5 


1.16 


0.386 


OK 


0.4 


1.1 


2.75 


1.04 


0.347 


OK 


0.5 


1.2 


3.0 


0.944 


0.315 


OK 


0.7 


1.5 


3.75 


0.739 


0.246 


barely OK 


0.9 


1.75 


4.38 


0.582 


0.194 


too low 


too low 


2.0 


5.0 


0.542 


0.181 


too low 


too low 
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- Qnc difficulty with the above design , wou l d be n r olatively high electrical resistan ce^ 
since the liquid metal cross section through which the current must flow, is on average only 
about 10% of the brush area but it is also only about 1cm long. The advant^ge^f this design 
is that it is self-contained and maintenance free, could be madecjie^ly, and form an integral 
part of brushes to be discarded with them at the end^ttileir life. 

Alternatively, the liquid metal cojdrf^e replaced by a cable made of ultra-thin fibers in 
accordance with section (b) dismissed previously. If self-contained, the pressure would drop 
a little slower as irrfh^^ble above, and if the gas is connected to a compressed gas reservoir, 
the brush^fbfce would remain constant. In the first case the obtainable wear length would be 
.HiUdly^ increased , a nd in the second cas e i t w o u lrl be ri1 mos t4edefimte. 

The various embodiments of the invention differ in any one, or a combination of any 



of, the following: 
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- In the means by which the brush holdc f ; at its top f>lo|g» is connecLed Lu llt e - 
conducting element, among others through screws, by soldering, a dovet^iV^bayonet 
closure, cementing or gluing (in case the electrical connecJi«<fto the brush is made 
through cabling); 

Whether of not the gas is whoUy^onfined within the brush holder cavity or is 
pressurized from an ejjtertor reservoir; 
(iii) In the meajjs^ which the brush is fastened, directly or via a separate base plate, to 



(ii) 
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ler, among-o feers by the same means ac in (i)^ 



(iv) In the construction of the side wall that confiiies the compressed fluid and is 
extendable in the brush axis direction so as to permit the brush to advance as it wears. 
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The modifications of the side wall include, among others, bellows, telescoping tubing, 
flexible plastic material, spiral tubing similar to a clothes dryer exhaust hose; 

(v) In the arrangement of the gas and liquid volumes when both are used; 

(& dX,,.^ - the m e an s for providing -re straints to minimize u ncontrolled bmsh movements othej : 



than its sliding relative to the substrate and its advance in the^cjiUfs^M brush wear, 
^ among others though rigid prismatic tubing^^jlb«rwhich the bottom-ptete or the brush 



base plate is guided, or 
^ one end 

tSte, respectively ; 



rods that are parallel to the brush axis direction and 
is fixed to the top plate and to the bottom ^lat©*or the brush base 



(vii) In the number of simultaneously operated brushes; 
(viti) — far^fe e s hape - of the top andy^ui bollom p^li^>^ 

intended brush orientation relative to the current-conducting element, e.g., the stator, 
the s ubstrate ; 

(ix) Whether and in which manner the brush force due to the pressurized fluid is 
supplemented by mechanical means. 



e) Details of the Drawings 

Turning now to the drawings, wherein like reference labels designate identical or 
corresponding parts throughout the several views, Figure 1 A is a schematic cross-sectional 
view, including a variety of useful optional features, of the brush holder 100 disclosed in co- 
pending International Application SN 09/147,100. The brush pressure is applied and the 
current is fed from the brush 4 by a liquid metal 8 in communion with a pressurized liquid 
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metal reservoir (not shown), so that the liquid metal 8 is used for both brush force application 
and a low-resistance current path. 

■ Figurco 2A to 2C die schema t ic cro ss s ectional views of the b i uali holde r accor d ing 
the present invention with one brush (Figure 2A) and two brushes (Figure 2B) attaj^r^to a 
5h single bottom 3. Figure 2C shows two bottom plates 3(1) and 3(2J^fof the simultaneous 
operation of two brushes. In more detail, Figure 2 A depicts tlig^t5rush 4 pressed against a 
substrate 7 (typically a slip ring or-arcommutator)!^ an^^as direction 13 of the electrical 



brush 4. The brush 4 is pressed against the 



^ between a top plate 1, a bottom ^late 



-ijjy a compressed fluid 8 contained 
side walls 2, Tl)'e bottom pkrte 3 may be 
ed to the brusi>4r The top-^S^ 1 is connected to a 



i }| 10 releasably attached or permanentlWixe 
:S; current conducting element 6Wia a fastener mechanism 24. The fastening mechanism 24 may 



PC be any fastener which^cures the conducting element 6 to the top ptetfe 1, such as screws, 
Ir solder, cement, gHae, etc. The fastening mechanism 24 should be s^fficieiTny strong enough 
^ to keep thexEonducting element secured to the top plate 1 during lengthy periods of operation, 
1-15 tr etc. Qirrent which is ^^n^^^^ via the brush 4 sliding against the substrate 7 reaches the 
^ Sj ment conducting cl e ment 6 via - the boLlom pi ^c"37-eem pressed fluid 8 nnd top p1t)|^ 1 



J/ V 



Figure^B is similar to Figure 2 A, but gh ows two bn ^ hes ^(1) and - 4(2) respectivel)^ 
sliding along two substrates 7(1) and 7(2). Also shown in Figure 2B are two bruslTbase 

differs'lrom Figure 2A, 



plates 5(1) and 5(2) for each of the brushes 4(1) and 4(2). This 
20 6- because in Figure 2A the bottom-ptete 3 serves^as-a-Wush base plate. In Figure 2B, there is 



n 



e>r the bottom ptafe*3 and the^pishrBase plates 5(1) and 5(2). The brush base plates 5(1) and 
ft 5(2) are attaphedlo the bottom f^i^ 3 via a fastening mechanism 25(1) and 25(2), which can 
^uy fpj^t^ner sjiifReteTTtly strong^S nough to aocure the brush base - plates 5ri) and 5(2) to the 
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\m4 

fr base plajb e^ O (ix., similai to the fastening mcchaiiiGffl ?4) Figiirf; ? , R a lsn include s a ngk 
tubing 16 to restrict the movements of the side walls 2, and thus restrict unwanted Jmcral 
fr movements of the brush 4. Also shovra are guides 27 between the bottom -^ttrS and the 
rigid tubing 26 to guide the brushes 4(1) and 4(2). That is, the guides 27 nifevent the interiors 
of the'brush holder from moving around within the rigid tubing 26 so a/ to prevent unwanted 
^ lateral movements of thefe«tsk/^and thus guide the brush 4 dovmvva^ as tTT^prs. Also 
shown in Figure 2B is a flexible hose 14 for pressurizing a gas v6 from outside of the brush 
holder. That is, using the flexible hose 14, the pressure of tj^fe gas 10 within the side walls 2 
and top plate; 1 and bottom plate 3, may be increased or decreased. The pressure of the gas 10 
;ii 10 /yWiirtakisJhS-CQiist^ force against the-bruslr^^ Th<y -pi' cssuiC of the biuir h-4s in an axis 
ig- direction 13 of the electrical bmshes 4(1) and 4^). 

Figure 2C also illustrates a brush holder for holding two brushes 4(1) and 4(2) 
^ respectively against substrates 7(1) an^7(2). In this figure, there are two bottom -pl^@9- 3(1) 



1^ and 3(2) for the brushes 4(1) and ^). This is different than Figiu-e 2B, in which there is only 

^^^15 »^ one bottomip^i^3. In addition, in Figure 2C, the bottom plates 3(1) and 3(2) serve as the 
base plate of the brush (i.e^ there is no need for the brush plates 5(1) and 5(2) shown in 
Figure 2B). The brushes 4(1) and 4(2) are pressed against the substrates 7(1) and 7(2) along 
their respective brush axes 13(1) and 13(2) via a compressed fluid 8 (rather than a 
compressed gaar 10 as in Figure 2B). Also shovra is a telescoping side wall 16, which 
20 lengthens o/shortens depending on the brush wear. In addition, b^ disconnecting the holder 
from thexurrent-conducting element (6), the arrangements in Figures 2B and 2C may be 
adapffed to lead a current between the two different substrates, instead of between the current- 
i^,el£m£nt and thf? two siibstFateS! 
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^ ^ J'ignr^s to i r show ff-rnmrlf-^ of-Hiffrr^nt nrrfm c ^ nvn^^ >i^V'if-V' tVif> ^rn^ i 

pressure may be applied by a liquid metal in pressure-transmitting contact with^/^mpressed 

fi^ gas via flexible membranes 1 1 . In Figure 3 A, the pressurized gas 10 is certified in small 

spherical volumes like little balloons (i.e., flexible membranes 1 1) thaj/^e surrounded by a 

5 kr liquid metal 9. The top^iate 1, side walls 2 and bottom ^lartr 3 confine the flexible 

9\ / 
membranes 1 1 and liquid metal 9. / 

Figure 3B illustrates a toroidal flexible membr^ae 12, much like an inner tube of a car 

tire, filled with a compressed gas 10. The liquid m^al 9 surrounds and occupies a portion in 

the center of the configuration (i.e., in the midjife of the membrane 12). The toroidal flexible 

'10 membrane 12 is secured between the top-^ate 1 and bottom plate 2 at attachment points 20. 
i ^ / £^ ^ yj 

I Figure 3C illustrates the flexiblfe membrane 1 1 with the compressed gas 10 

surrounded by the liquid metal 9 (mther than the compressed gas 10 surrounding the liquid 
metal 9 as in Figure 3B). Th©4iquid metal 9 and flexible membrane 1 1 (with the compressed 
" gas 10) is contained via Xht top 1, bottom 3 and spiral side walls 19. The spiral 
7l5 side walls 19 are com{k)sed of spiral tubing, such as that for a clothes dryefs exhaust. 

ComparingTigure 3D with Figure 3B illustrates the possibility the compressed gas 10 
^ may be pressurized from «ft outside via a flexible hose 14. That is, as shown in Figure 3D, 
the pressureyof the gas 10 may be controlled via the flexible hose 14 connected to an external 
reservoir/Thus, it is possible to maintain a constant brush force via the flexible hose 14. On 
20 the conftrary, if the gas is entirely confined within the inner volume of the brush holder 
Or deWed by the top^l^ 1, bottom pl^ 3 and side walls 2, 19 as in Figures 3 A, 3B and 3C, 
th|£ pressure and hence the brush force, drops as the brush wears and the indicated inner 
^nlnme- of the brush holder Inc rc a sesr- 
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brush axis direction 1 3 and are configured to prevent uncontrolled lateral brush mot><His that 
are detrimental to the performance of the brush. For example, depending on parucular 
conditions, the toroidal flexible membrane 12 in Figure 3B and 3D and the/^iral tubing 19 in 
Figure 3C should be laterally adequately stiff to prevent erratic lateraLorush movements. It is 
also possible to further constrain erratic lateral brush movements using the telescoping 
tubing shown in Figures 4A-4B (and Figure 2C). / 

For example, as shown in Figure 4 A, the toroidal/flexible membrane 12 having the 
compressed gas 10 therein is contained from expanding outwards via the telescoping side 
wall 16. The telescoping side wall 16 provides sufficient support for the toroidal flexible 
membrane 12 so as to prevent erratic lateral/orush movements. Figure 4B is similar to Figure 
4A, but shows the telescoping side walLafter the brush 4 has worn. As shown, the 
telescoping side wall l^naturally sVMlqs downwards in the direction of the brush axis 1 3 as 
the brush wears. / 

Figure 5 illustrates pother embodiment in which a flexible side wall 15 made of thin 
plastic or rubber/elastonicr sheet may be contained via rods 21 supporting the flexible side 
wall 15. The flexible side wall 15 may be in addition to the flexible membranes 1 1 and 12 or 
may itself contain the compressed gas 10 and/or liquid metal 9. The flexible membrane 15 is 
lfy supported by/me rods 21, which are attached to the top-pl^l and bottom-pl^ 3. Thus, with 
20 this configuration, the erratic lateral brush movements may be prevented. The brush rods 21 
are al^ in the brush axis direction 13 and may be made of TEFLON, for example, for ease of 
sHaiag-during brush wenr...^ 
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Figures 6A and - 6B show the use of wedge - shaped top an d h o ttom p la tes; singly or iiy 
combination, to angle the brush 4 relative to substrate 7 as desired. For example, as shown in 
Figure 6A, a wedge-shape bottom plate 23 may be releasably attached to the brush 4 t6 angle 
the brush 4 relative to the substrate 7. Figure 6A includes the flexible membrane^l similar 
to- that shown in Figure 3 A, but also includes a side wall 17 in the form of b^ows to prevent 
erratic lateral brush movements as discussed previously. 

i/^ Figure 6B is similar to Figure 6A, but includes an additionaj^edge-shaped top plate, 

22. Figure 6B also illustrates another possible configuration ofthe compressed gas 10, the 

flexible membrane 1 1 and the liquid metal 9. Further, the/flexible membrane 1 1, gas 10 and 

liquid metal 9 may be contained via side walls 19 cc^a^iposed of spiral tubing and the rigid 

tubing 26 so as to apply pressure to the brush 4 in an axis direction thereof. Further, it is 

possible that a connection to an exterior ga^J^ressure reservoir is also included in Figure 6B 

(similar to that shown in Figure 3D) tjaonaintain a constant brush force. The guides 27 may 

be used to guide the wedge-shappd bottom plate 23 between the rigid tubing 26 so that the 

^3 

13 15 A- brush is pressed towards the/ubstrate 7 in a longitudinal axis direction^and to prevent erratic 
lateral brush movemen^ 

Figures 7 A-7C are perspective views of liquid metal cables made of flexible and 
extendable tubii^g filled with liquid metal and fitted with different electrical connectors. For 
example, Fij^e 7 A illustrates a liquid metal cable 40 having a sidewall 18 composed of 
20 flexible mbing capped off with an electrical connector 30A. The electrical connector 30A 
may be a simple metal terminal which can be welded or soldered, for example, to another 
obiect (e.g., electrical device). Thus, the liquid metal cable 40 may be used to connect the top 
(v,^fat&.4-^ u llic bulluiii >4 al <^ 3 in brush holders. This feature is discussed in m o re d eta il w itJi 
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-f^^fT ^^^ PijT^irnr ft A ffP rianrn 7ft illnotrntpr n liqinH mf-^ Pi] ra blc 42 hav ing ^ n idi" Wall 1 9 r 

composed of spiral tubing and having electrical connectors 308 and 30C. The electrical/ 
connectors SOB and 30C may be conventional "plug" electrical connectors. Figure JC is 
another embodiment of a liquid metal cable 44 which includes a flexible tubing 29 containing 
5 the liquid metal 9 and having electrical connectors 30D and 30E. X 

Tuming now to Figures 8A-8C. Figures 8A-8C show different Inrush holders in which 
the current is conducted through liquid metal cables and the bruslrforce is applied by 
mechanical springs. For example, in Figures 8A and 8B, the liquid metal cable 46 is easily 
extendable and contains a helical spring 3 1 which applies/B^ mechanical force between the top 
10 ^ ptsrte 1 and bottom pi^ 3. The liquid metal cable 46^is guided in the brush axis 13 direction 
by the telescoping side wall 16 while the spring 3a provides the brush force. In an initial 
state, the spring 3 1 is strongly compressed arfd the liquid metal cable 46 has a large average 
diameter (see Figure 8A). At its fuUest^nal extension, the liquid metal cable 46 is held in 
-place where it is fastened to the top^ptetfe 1 and bottom pi&t^ 3, but is mainly constrained by 
15 the helical spring 3 1 (See Figj^i^ 83). 

Figure 8C illustrates another example of combining liquid metal cables and 
mechanical springs for making electrical brush holders. As shown in Figure 8C, the spring 
3 1 provides the/orush force and is of a leaf design and is wholly outside the liquid metal 9 
contained within the side walls 15. Further, the liquid metal cable 47 accommodates a 
20 r distanc^increase between the top pl^p-l and the bottom ptet€ 3 in the course of brush wear 



not/ftirough elongation as in Figures 8A and 8B, but by straightening out from a bent 
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Fip ;nrp QA <; hnwg ^ hni^h hnlHpr in whirh thp prp ssiiri7pr1 f l^ ^iH the gRS 1 f) RnH 
(9 fr- current between the top ^^4-1 and the brush 4 is conducted through a highly fl^xi^ cable 



^ ' 28 made of ultra-fine metal fibers. The gas 10 is entirely contained \\d^Kfian inner volume of 
^ the brush holder via the top pterte 1 and side walls 2. Also shpvm is the ridging tube 26 and 
5 IV* guides 27 to guide the wedge-shaped bottom -pkte^Sc Figure 9B is similar to 9A, but 

includes the telescoping side wall 16 and^l^ible hose 14 to maintain a constan^pressure of 
the gas 10. The flexible hose 14Hf^ be connected to an exterior gas reservoir as previously 
discussed. Numerous madifications and variations of the present invention are possible in 
light of the aboy^achings. It is therefore to be understood that within the scope of the 
10 appended^aims, the invention may be practiced otherwise than as specifically described 
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